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Abstract

Most transportation departments have recognized and developed procedures to address the everincreasing weights of trucks traveling on bridges in service today. Transportation agencies also
recognize the issues with overheight vehicles’ collisions with bridges, but few stakeholders have
definitive countermeasures. Bridges are becoming more vulnerable to collisions from overheight
vehicles. The exact response under lateral impact force is difficult to predict. In this paper, nonlinear
impact analysis shows that the degree of deformation recorded through the modeling of the
unprotected vehicle-girder model provides realistic results compared to the observation from the
US-61 bridge overheight vehicle impact. The predicted displacements are 0.229 m, 0.161 m, and
0.271 m in the girder bottom flange (lateral), bottom flange (vertical), and web (lateral) deformations,
respectively, due to a truck traveling at 112.65 km/h. With such large deformations, the integrity of
an impacted bridge becomes jeopardized, which in most cases requires closing the bridge for safety
reasons and rehabilitation. We proposed different sacrificial cushion systems to dissipate the energy
of an overheight vehicle impact. The goal was to design and tune a suitable energy-absorbing system
that can protect the bridge and possibly reduce stresses in the overheight vehicle, minimizing the
consequences of an impact. A material representing a Sorbothane high-impact rubber was chosen
and modeled in ANSYS. Out of three sacrificial schemes, a sandwich system exhibited the best
results in protecting the bridge and the overheight vehicle. The mitigation system reduced the lateral
deflection in the bottom flange by 89%. The system decreased the stresses in the bridge girder and
the top portion of the vehicle by 82% and 25%, respectively. The results reveal the capability of the
proposed sacrificial system as an effective mitigation system.
Keywords: overheight vehicle; crash beam; bridge impact; early warning detection; damage mechanics;

energy dissipation.

1. Introduction
Roughly 55% of the bridges in the United States are 40 years old or older (ASCE 2017). Forty to
fifty years ago, engineers designed bridges for a standard truck size, significantly different from the
trucks on the highways today (in terms of weight and height). The cargos that trucks are carrying
*
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are not only becoming heavier, but they are also getting taller. The increasing vehicle height
increases the probability of impacts with bridges.
In October 2015, an on-ramp from US-61 onto Interstate 10 was struck by an overheight vehicle
in Ascension Parish near Sorrento, Louisiana (Elisar 2015), (SDR Engineering Consultants 2021).
The on-ramp experiences roughly 3,000 vehicles per day, and Interstate 10, which runs beneath the
on-ramp, experiences roughly 50,000 vehicles per day. The bridge consists of a non-redundant steel
two-girder system with floor beams. The girders are curved, welded members with a radius of
curvature of 757.44 ft (230.87 m). The damage due to the overheight vehicle collision included 14
in (0.356 m) of lateral deflection of the bottom flange of the steel girder at the point of impact,
shearing of bolts at the girder-floor beam connection, a 38 in (0.965 m) vertical crack between the
web and the transverse stiffener, a 21 in (0.533 m) crack between the web and the bottom flange,
and buckling of several transverse stiffeners (Rosakis et al. 1999). The girder has been repaired by
completely replacing the damaged portion. Not only was the cost of the collision a monetary value,
but also in the form of lost time due to traffic congestion, detours, and the closing of the bridge. The
US-61 bridge shows an example of the amount of rehabilitation required when an overheight vehicle
collision occurs. Accordingly, investigating preventative measures for overheight vehicle collisions
is essential for preserving and extending the life of our infrastructures.
As will be discussed later in Section 2, current practices for mitigating damage to bridges due to
overheight vehicles include active schemes that strive to prevent collisions through the use of
optoelectronic sensing and detection devices, passive systems that strive to gain the driver’s attention
through signage or vehicle vibration, and sacrificial structures that strive to protect bridges from
impact forces. However, both passive and active systems do not guarantee that a bridge strike will
not occur. Vehicle drivers can be disrupted, and malfunctioning sensors could lead to a bridge
collision. Current practices for sacrificial systems include installing crash beams that eliminate the
forces of collision before the vehicle reaches the bridge, which prevents any damage to the structure.
However, these crash beams generate significant damage to the vehicle as well as pose a danger to
drivers, other vehicles, and pedestrians. Analyzing a sacrificial system to determine the damage to
both vehicle and girder will be investigated in this paper.
Although overheight vehicle collisions with bridges are unpredictable, computational models can
represent physics with meaningful results (Cao et al. 2021). The main objective of this study is to
test a hypothesis that energy-absorbing materials can be effective in reducing damage to vehicles
and bridges when used as cushions. Along these lines, we investigated five different scenarios. (1)
vehicle-girder interaction, (2) vehicle-crash beam interaction, (3) vehicle-girder interaction with
energy-absorbing material, (4) vehicle-girder interaction with a spring system that represents an
idealized energy-absorbing material, and (5) vehicle-girder-sandwich system. Although we did not
conduct physical testing to verify the model results, we compared the computational findings with
the observational measurements of the US-61 bridge. To mimic the full-scale scenario, the model
investigated in the current study is a steel I-girder.
The paper layout is as follows. Section 2 presents a literature review of overheight vehicle impact
reduction systems, including passive, active, sacrificial, and other schemes. Section 3 provides an
overview of the computational modeling employed in the current study and explains the type of
software used and relevant model inputs. Section 4 presents a case study of the US-61 Bridge, with
details of the geometry of the vehicle and girder. Section 5 provides the details of the protective
systems and the model setup (mesh sensitivity and convergence). Section 6 presents the results of
the current study. In Section 7, we discuss the findings of the study. Section 8 summarizes the main
conclusions of the paper.
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2. Overheight Vehicle Impact Reduction Systems
In the United States, most state transportation departments have recognized and developed
procedures to address the ever-increasing weights of the trucks traveling on bridges. State
transportation departments also recognize the problem of overheight vehicle collisions with bridges.
(Agrawal et al. 2011). Bridge impacts due to overheight vehicles can be costly, damaging, and
sometimes fatal as overweight vehicles continue traveling on highway bridges. A review of the
current practices for early warning detection and diversion systems of overheight vehicles and lowclearance bridges will be discussed in this section. A look at the current effectiveness of sacrificial
systems, such as crash beams, will also be reported. Three major systems exist for addressing the
problem of overheight vehicle collisions with low clearance bridges: active, passive, and sacrificial
systems (Nguyen et al. 2016).
2.1 Passive Systems
Passive systems cover a wide range of devices. These devices include hanging chains on the
highway before a low clearance bridge to alert drivers, placing warning signs and/or rumble strips
in advance of the bridge, and permit/routing procedures (LADOTD 2013). However, a study
conducted in 2001 revealed that only a quarter of vehicles at two different weigh stations had
overheight permits (Fu et al. 2004). Rumble strips and overhead chains are a form of passive systems
that focus on warning the driver of obstruction through the use of noise/vibration (Hunchey and
Exley 1990). Transverse rumble strips are usually slightly raised white pavement marking strips that
extend across the travel lane to warn drivers of unusual traffic conditions (FHWA 2010). Usually,
shoulder rumble strips are used to alert fatigued drivers that the vehicle is erring off the roadway or
into another lane (Fontaine 2003). In the case of a low clearance bridge, transverse rumble strips are
generally paired with warning signs so that once the driver is made alert through the vibration of the
rumble strips, they are more likely to read the warning signs and divert from the low clearance bridge
that lies ahead. The implementation of overhead chains that hang vertically over traffic tries to
achieve the same effect of warning the driver of unusual traffic conditions through the noise and
vibration of the chains hitting the overheight vehicle (Hunchey and Exley 1990). Damage to the
vehicle could occur due to the vehicle hitting the chains at highway speeds. Furthermore, corrosion
and hitting these chains at such a high speed could also cause the chains to become dislodged, thus
causing damage or injury to another vehicle and its occupants (Nguyen et al. 2016).
Warning signs for overheight vehicles can be utilized in either an active manner or a passive
manner. Passive warning signs entail the strategic placement of signs that are designed to alert the
driver of unusual traffic conditions. These signs have black markings on a yellow sign, similar to
other highway warning signs. If followed, these signs should be enough of an alert to deter
overheight vehicles away from low-clearance bridges. However, in a study conducted in 2002, it is
estimated that passive signing is only 10-20% effective (Nguyen and Brilakis 2016). With distracted
driving on the rise, drivers are even less likely to pay attention to these roadway signs. Passive
signage relies on the driver to read, interpret, and take the appropriate measures to avoid the
obstruction ahead. However, the driver cannot be relied on to follow these actions 100% of the time
to avoid collisions with low-clearance bridges. Mistakes are frequently made on the highways and
drivers may become disrupted when they are unfamiliar with the roads. To alleviate the
shortcomings of passive systems, active warning systems were introduced.
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2.2 Active Systems
Active systems for overheight vehicles largely include early detection warning systems (Chacon
et al. 2021). Similar to passive signage, active systems aim to prevent bridge strikes by overheight
vehicles. Unlike passive signage, active systems can automatically detect a vehicle that is overheight
and warn the driver of the low-clearance bridge (Dai et al. 2015). Early Warning Detection Systems
(EWDS) are the typical active systems that serve to detect and warn overheight vehicles. There are
three main components of EWDS: 1) a mechanism that detects the presence of an overheight vehicle,
2) a warning system (either audible or visual) that alerts the driver that their vehicle is overheight,
and 3) a system that provides information on resolving the issue (Sinfield 2010). Fig. 1 shows the
typical layout of EWDS. The major type of sensing methodology is optoelectronic sensing.
Optoelectronic sensing mainly consists of visible beams, infrared beams, or laser systems (Dai et al.
2015). Visible beam sensing utilizes a simple configuration. The system operates through a
transmitter and a receiver. In effect, the visible beam system detects an overheight vehicle when the
light between the transmitter and receiver is interrupted (Dang et al. 2021). Thus, the height of the
transmitter and receiver are installed at a specified height on opposite sides of the road to detect only
overheight vehicles. Once an overheight vehicle is accurately detected by the optoelectronic systems,
then a mechanism for alerting the driver is employed. When EWDS are employed and coupled with
informative message boards and exit ramps for overheight vehicles, the overall scheme is roughly
50-80% effective in reducing overheight vehicle impacts (Nguyen and Brilakis 2016). However,
these systems do come with a cost. For instance, the typical active system is installed up to a quarter
mile before the bridge (Singhal 2015). This means that power lines need to be installed up to a
quarter mile along the roadway to the sensor and message board sights. Additionally, cables that
allow the sensors to communicate with each other may need construction work and traffic congestion
(Singhal 2015). Texas Department of Transportation (TXDOT) attributes the total cost of installing
an active control system (including labor and equipment) to $135,000 (Kozman and Stevens 2015).
This closely matches other average estimates of $150,00 per direction for active control systems
(Nguyen and Brilakis 2016). Maintenance issues, such as realignment of the sensors and false
reading prevention, can also add to the cost of the active control system with no guarantee that all
overheight vehicle collisions will be prevented. For these reasons, sacrificial systems were proposed.
2.3 Sacrificial Systems
Sacrificial systems mainly include the installation of crash beams to prevent overheight vehicles
from impacting low-clearance bridges. They also include cushion systems to mitigate damage from
overheight vehicle collisions. The primary function of the crash beams is to prevent overheight
trucks from impacting the bridge at all costs. The crash beams are not connected to the bridge and
do not transfer the force of impact to any members of the bridge. Instead, the crash beam scrapes off
any part of a vehicle that is taller than the clearance of the bridge causing massive damage to
overheight vehicles. Not only is significant damage inflicted upon the overheight vehicles, but harm
could also be inflicted upon other vehicles and pedestrians due to flying debris. Cameras were set
up by a resident in 2008 to monitor the bridge and monitor how the crash beam performs when a
vehicle strikes it (Henn 2019). There have been over 100 overheight vehicle impacts with the crash
beam. On June 22nd, 2015, two major trucks impacted the bridge on the same day within four hours
of each other. In both cases, the occupants of the vehicle were treated for injuries (Gibbs 2015). Fig.
2 shows typical damage caused by the sacrificial crash beams. With such damage to vehicles and
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possible injury to passengers and pedestrians, the sacrificial crash beams almost defeat the true
purpose of preventing bridge failures, which is safety. Intermediate diaphragms are mainly used in
bridges for improving lateral stability during construction and improving the live load distribution
of vehicles across all girders. A study was conducted in 2010 in which intermediate diaphragms of
prestressed girder bridges were evaluated for reducing impact damage due to overheight vehicles.
Several factors were considered, including the location of the diaphragms, the dimensions of the
diaphragms, girder spacing, girder type, framing action, and type of impact (Yang et al. 2010). The
results of the research showed that intermediate diaphragms effectively reduced vibrations and
damage by transferring the force to adjacent girders. In addition, the results showed that the ability
of the diaphragms to absorb energy increased as the depth of the diaphragm increased. Intermediate
diaphragms are a sacrificial system that can decrease the amount of damage caused by overheight
vehicle collisions (Zhang et al. 2021). However, the disadvantages seem to outweigh the benefits.
Placing intermediate diaphragms on a bridge increases both the amount of deadweight the bridge
must support as well as the construction time. Also, under significant impact forces, the presence of
diaphragms has little effect on mitigating damage (Sengupta and Breen 1973). The use of
intermediate diaphragms is mostly restricted to the construction of new bridges due to
constructability and less traffic congestion. Thus, intermediate diaphragms are not a feasible option
for existing low-clearance bridges. While the use of ultrahigh-performance concrete, stiff, light,
strong, and ductile steel, as well as other materials can improve the impact resistance of bridge
superstructures (Oppong et al. 2021; Springer et al. 2017; Suresh 2001), it may cause significant
damage to the vehicle.
2.4 Other Systems
LASERVISION, an Australian company, developed an innovative way to significantly reduce
the occurrence of bridge strikes at the Sydney Harbour Tunnel through an active system (Nguyen
and Brilakis 2016). Utilizing water hydraulics, it was possible to develop a system that projects an
image onto a screen composed of water. As an overheight vehicle approaches the tunnel, sensors are
triggered that releases a waterfall in front of the tunnel with the word “STOP” projected onto the
waterfall (LASERVISION 2019). Within the first eight weeks of implementation, the control system
was triggered eight times. In each of the eight times, overheight vehicles avoided collision with the
tunnel. Fig. 3 depicts the stop sign that is projected onto the waterfall. Cushion systems are sacrificial
systems that are new to research and have not been implemented into practice. These systems are
efficient at absorbing the energy of an impact while at the same time minimizing damage. Cushion
systems are an example of sacrificial systems that cause minimal damage to both the bridge and the
vehicle if an impact occurs. Generally, cushion systems are mounted to the bottom portion of the
exterior girders and consist of energy-absorbing material to dissipate the energy caused by impact
(Ozkaynak et al. 2018; Y. Wang and Ko 2015). The research was conducted to test different materials
to comprise a cushioning system that includes a stiff guard with an energy-absorbing material (EAM)
behind the stiff guard. The stiff guard was able to distribute the force of impact over a large area to
the EAM, ensuring that the maximum performance was achieved (Sharma et al. 2008). Energy
absorption honeycomb reinforced by foam fillers under quasi-static compressive load were
investigated (Zhou et al. 2019). However, cushion systems are also a favorable approach over crash
beams for their ability to cause minimal damage to the bridge and vehicles. This paper focuses on
the performance of three different cushion systems, in terms of their capabilities to protect bridges,
as well as minimize damage to overheight vehicles.
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3. Computational Modeling
The dynamic response and plastic deformation of steel is a challenging subject that was addressed
in the literature (Asgari et al. 2018; Baaskaran et al. 2018; Doruk 2017; Pekbey et al. 2017; Salami
and Dariushi 2018; Vinayagar and Kumar 2017; Zhao et al. 2018). For building and executing the
models, ANSYS Workbench 18.2 was utilized. ANSYS is a powerful software that is capable of
performing finite element analysis of models (ANSYS 2017). For modeling vehicle-bridge collision
interaction, ANSYS Explicit Dynamics was deemed the best methodology. ANSYS Workbench
enables users to create geometries within the Workbench through the DesignModeler interface. The
DesignModeler works similar to any computer-aided drafting software in which the user can draw
and create shapes; however, the DesignModeler can be cumbersome for new users, especially for
anyone familiar with AutoCAD. Instead of creating geometries within DesignModeler, ANSYS
allows users to import CAD drawings from AutoCAD. For ease of creating and editing the model
geometries, Autodesk AutoCAD was utilized.
3.1 Implicit and Explicit Dynamics Methods
In the implicit dynamics method, the equations of motion are solved through the implicit time
integration using the Newmark trapezoidal method (Brockman and Held 1991). Once the equation
of motion is defined for an initial time, the nodal displacements are obtained at the successive time
steps for linear systems. Based on the nodal displacements, the member forces are determined, and
the stiffness matrix is updated. However, iterative approaches must be utilized for using implicit
dynamics for non-linear systems. The ‘implicit dynamics’ option proves useful for simulations in
which the duration is significantly larger than the time step. For simulations in which the duration
is almost equal to the time step, the results can become inaccurate (Brockman and Held 1991).
In the ‘explicit dynamics’ method, the equations of motion are solved directly by first calculating
the change in density of the material as the element distorts. The accelerations are then determined,
followed by the velocities and displacements in the member at each time step (ANSYS 2017). When
the accelerations, velocities, and displacements are known, the stresses and forces can be determined
through explicit integration. The process is continually repeated for each time step for the duration
of the simulation time. The ‘explicit dynamics’ option proves useful for simulations in which the
duration is almost equal to the time step (Brockman and Held 1991).
The ‘explicit dynamics’ solver has several advantages over the ‘implicit dynamics’ one, a few of
which are perfect for collision modeling. For analyzing the response of high-speed collisions, large
durations are not necessary since the collisions occur in microseconds. Explicit dynamics permits
the analysis of short-duration high-velocity impacts, and allows for capturing the non-linear
response of collisions. For these reasons, ANSYS Explicit Dynamics was chosen for performing the
simulations.
3.2 Step Controls Analysis Settings
Once the geometry and initial conditions are set up, the ‘Analysis Settings’ are defined by the
user. Step Controls and Erosion Controls are important groups of parameters to be defined within
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the Analysis Settings pane of ANSYS. Step Controls consist of parameters such as the Maximum
Number of Cycles, End Time, Maximum Energy Error, Initial Time Step, Minimum Time Step,
Time Step Safety Factor, and Automatic Mass Scaling. For the Maximum Number of Cycles, the
default number that the program recommends using is 107. The Maximum Number of Cycles sets a
limit at which the model will terminate if the number of iterations/cycles of the solution reaches the
specified value (ANSYS 2017). The default value of 107 was retained for all models since it was not
desirable for the model to be restricted to terminate if a certain cycle number was reached.
The End Time input within the Step Controls is the simulation time for the model. For the scenario
of a vehicle impacting a bridge, an analysis time of 0.0375 s was chosen and deemed enough time
to allow for maximum deformations in both the vehicle and the girder. Based on a vehicle traveling
at 70 mph (112.65 km/h), the vehicle will have traveled 3.85 ft (1.173 m) in 0.0375 s.
For explicit dynamics, energy conservation is a good indicator of the stability and accuracy of
the model. If the energy conservation largely deviates from a constant value, then this indicates that
the model is not providing realistic stable results. The Maximum Energy Error input in ANSYS
allows the user to define the percentage at which energy conservation should be allowed to deviate.
The default value in ANSYS for the Maximum Energy Error input is 0.1, corresponding to a
maximum deviation of 10% (ANSYS 2017). The Maximum Energy Error input was left as the
default value for all models. The Energy Error is calculated based on Eq. (1):
Energy Error =

│*+,,-./ 0.-,1234-5-,-.6- 0.-,12378,9 :8.-│
;<= (│*+,,-./ 0.-,12│,│4-5-,-.6- 0.-,12│,│@A.-/A6 0.-,12│)

(1)

The Initial Time Step within the Step Controls specifies the initial time step that the program will
use when analyzing the model. The time step used is based on the Courant-Friendrichs-Lewy
condition (Courant et al. 1967). The condition states that the time step cannot be larger than the
distance traveled by a stress wave through an element and be determined based on Eq. (2):
Δt ≤ f ∗ min( h/c)

(2)

where (f) is the stability time step factor, (h) is the characteristic dimension of an element, and (c) is
the local material sound speed of an element. The time step should be determined based on the
smallest element size of the entire model. Therefore, in theory, the user should avoid creating
isolated small elements as these elements will control the time step for the entire model. The time
step factor (f) is used to find the desired time step for the model and can be input by the user. A value
of 0.9 is the default suggested by ANSYS, and the value was left as 0.9. The characteristic dimension
(h) is used to find the desired time step for the entire model. The shape of the elements in the mesh
creation was hexahedral shape. Since the mesh uses hexahedral shapes, the characteristic dimension
was calculated as the volume of the smallest element divided by the square root of the longest
diagonal and scaled by the square root of two-thirds (2/3). For the Initial Time Step input, ANSYS
assumes the initial time step to be half the computed time step based on the Courant-FriendrichsLewy condition unless changed by the user. The Initial Time Step was left as the default half the
computed time step. ANSYS allows for the simulation to be terminated if a minimum time step is
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reached. ANSYS calculates the Minimum Time Step as one-tenth (1/10) the initial calculated time
step, unless changed by the user. The Minimum Time Step was left as the computed value. ANSYS
also allows for the user to specify a maximum value that the time step will not exceed.
Mass scaling is a useful feature for updating a mesh to increase the time step of a solver. If a
geometry has isolated small elements that control the time step, then a mass scaling feature can
increase the mass of the smaller elements in order to increase the time step to more accurately reflect
the entire model. Within ANSYS, the option to include automatic mass scaling is present. For all the
models within this research, Automatic Mass Scaling was not used. Table 1 summarizes the input
for the Step Controls that was used.
3.3 Erosion Controls Analysis Settings
For simulating a vehicle impacting a bridge, erosion controls are an important parameter. Since
deformation of the vehicle is important for comparison among all models in this research, criteria
must be established for defining “detachment” of the top portion of the vehicle from the bottom
portion of the vehicle. Detachment in all models was defined by if the top portion of the vehicle
“eroded” from the bottom portion of the vehicle. Erosion Controls allow for the user to define the
way in which mesh elements are deleted or eroded from the simulation. ANSYS provides the user
with three options for defining erosion of mesh elements: Maximum Strain, Minimum Time Step,
and Material Failure.
The ‘On Geometric Strain’ is an input within ANSYS that gives the user the option to make
geometric strain as the controlling effect for erosion control. For all models within this research,
Geometric Strain input was used to determine whether a mesh element becomes eroded/detached
from a body. Since large deformations were expected to take place in the girder and vehicle, the
geometric strain was used to control the status of erosion instead of material failure and minimum
time step. If geometric strain was not used as the criteria for erosion control, the solver could take
the large deformations as unstable and terminate the solution before the analysis completes. The
geometric strain limit was set to 1.5, which means that elements will erode if the geometric strain of
an element reaches 150%. ANSYS utilizes Eq. (3) for determining the geometric strain of an element
(Ugural and Fenster 2012):
εeff = (2/3) [│( εxx2 + εyy2 + εzz2) – (εxx εyy + εyy εzz + εzz εxx) + 3(εxy2 + εyz2 + εzx2)│](1/2)

(3)

Once an element has been eroded from the simulation, the user has the option to retain the inertia
of the eroded node. If the ‘Retain Inertia of Eroded Material’ option is enabled, then ANSYS allows
the free node to retain its inertia, and the trajectory of the free node will be tracked. For all models,
the ‘Retain Inertia of Eroded Material’ was enabled.
If the ‘On Material Failure’ option is used to specify the criteria of element erosion, the elements
will erode when the material reaches a failure point as defined in its properties. If the ‘On Minimum
Element Time Step’ option is used, the element will erode when the time step reaches a minimum
value. The ‘On Material Failure’ and ‘On Minimum Element Time Step’ options were not utilized
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for the models studied. Table 2 summarizes the input for the Erosion Controls that was used for all
models in the current study.
3.4 Strain Rate Effects
Strain rate is a measure of the amount of strain a material undergoes within a certain amount of
time (Ugural and Fenster 2012). Strain rate is the amount of elongation with respect to time that a
material undergoes. Strain rate is an important parameter when considering the application of
suddenly applied loads (NagarajaRao et al. 1966). As the strain rate increases with the presence of
a sudden load, the stresses also abruptly increase in the material. When analyzing dynamic responses
of materials, the strain rate becomes an important parameter to determine failure. The way in which
a material deforms and fails largely depends on the rate of strain and stress.
A study was conducted in 2017 to determine the effects of intermediate strain rates (1 - 100/s) on
high specific strength steel (HSSS) (W. Wang et al. 2017). The research was conducted with the
anticipation that studying the strength of HSSS at intermediate strain rates would be valuable for the
automobile industry since the crushing of the outer shell of a vehicle leads to the material to
experience intermediate strain rates (Ghasemabadian et al. 2021). Using a uniaxial tensile machine,
five different strain rates tests were conducted on a HSSS material. The results of the experiments
concluded that for HSSS with increasing strain rate, the yield strength and ultimate strength of
material increased (W. Wang et al. 2017). As can be seen with a HSSS material, the strength of the
material may change with changing strain rates. Thus, the strain rate of the material is an important
parameter to consider when analyzing the dynamic responses of materials. For the purposes of this
research, the effects of strain rate were not investigated when analyzing the results.
4. Case Study: US-61 Bridge
US 61 Bridge: The type of girder that was impacted in the US 61 bridge collision was a curved
steel plate I-girder manufactured in 1975. The bridge consists of a non-redundant two girder steel
system with floor beams. The bridge consists of one simply supported 85 ft (25.91 m) span and four
continuous spans with lengths of 114 ft (34.75 m), 140 ft (42.67 m), 140 ft (42.67 m), and 115 ft
(35.05 m). The deck is reinforced concrete with a thickness of 9.5 in (0.241 m). The overall width
of the bridge is 28 ft and 3 in (8.611 m) and the clear roadway width is 25 ft (7.62 m). Fig. 4 shows
the cross section of the bridge.
The girders are welded plates with similar geometries. The girder that was struck by an overheight
vehicle was Girder B, which is the shorter girder exposed to on-coming traffic. The web of Girder
B is a 68 in x 3/8 in (~ 1.727 m x 0.01 m)” plate with a top and bottom flange plates of 20 in x 1.25
in (0.508 m x 0.032 m). Fig. 5 shows the cross-sectional dimensions of Girder B. The girder was not
modeled as a continuous beam as in the U-61 bridge; rather, it was modeled as a simply supported
beam with a span length of 32 ft (9.75 m). Girder B was drawn in AutoCAD and imported into
ANSYS Workbench for analysis.
For simplicity, only Girder B was modeled and analyzed. The floor beams, transverse stiffeners,
deck, and Girder A were not modeled. Localizing the impact damage in ANSYS to the exterior
Girder B allowed for faster analysis time and smaller mesh sizes. If the floor beams, transverse
stiffeners, deck, and Girder A were modeled, the response of the bridge to the impact damage would
more accurately represent the damage seen on the US-61 bridge by adding stiffness to the girder;
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however, adding these elements would increase the analysis time and mesh size. By increasing the
mesh size, the results become less reliable. The lateral deflection of the impacted girder can be
roughly matched with the impact damage observed on the US-61 bridge by changing the vehicle
geometry and properties.
Vehicle: The overheight vehicle that impacted the US-61 bridge in October 2015 caused severe
damage to Girder B. The overheight vehicle that caused the damage is unknown. Since the geometry
of the vehicle could not be matched with the vehicle that impacted the US-61 bridge, a standard
generic vehicle shape was constructed. The most common large commercial vehicle traversing the
interstate highways is the semi-truck. Several vehicle geometries were constructed and tested until
a standard generic shape resembling a semi-truck was chosen.
Based on Louisiana regulations, the maximum dimensions for a vehicle traveling on interstate
highways are 8.5 ft (2.59 m) in width, and 14 ft (4.27 m) in height. The maximum weight of any
vehicle or combination of vehicles is 80,000 pounds (36,287 kg) (LADOTD 2013). These
dimensions and weight were used as guidelines for constructing the vehicle to be modeled. The basic
shape of a semi-truck was also used as a guideline for constructing the vehicle.
The vehicle was constructed in such a way that part of the vehicle would provide momentum
while another part of the vehicle would resemble the characteristics of a shell element. By
constructing the vehicle in this manner, the vehicle allowed for reasonable deflection results in the
girder without destroying the girder upon impact. The bottom part of the vehicle was not subjected
to the impact force in the model; therefore, it was drawn and modeled as a solid element that holds
the mass of the vehicle and provides rotational stiffness of the vehicle. The top part of the semitruck that was subjected to the impact force in the model; therefore, was drawn and modeled to
resemble a thin-walled element. The basic shape was constructed to resemble a generic semi-truck,
such as the truck shown in Fig. 6. The highlighted rectangle in the photo highlights the top-part of
the semi-truck that was modeled as a shell element that was subjected to the lateral impact force.
Rather than drawing the semi-truck in ANSYS DesignModeler, the truck was drawn in
AutoCAD. The semi-truck was drawn with an overall length of 20 ft (6.10 m), and an overall height
of 12 ft and 1 in (3.68 m). The tires of the semi-truck were not modeled, but the wheel wells where
the tires would be were modeled and drawn as a hollow region. The tires were assumed to be 4 ft
(1.219 m) in height, which gives an overall height of the semi-truck with wheels as 14 ft and 1 in
(4.29 m). The cab of the semi-truck that holds the passenger was drawn as 5 ft (1.524 m) in length
and 7 ft (2.134 m) in height. Similar to the wheel wells, the cab was drawn as a hollow region with
a height of 4 ft and 8 in (1.422 m) and a length of 4 ft and 4 in (1.321 m). Once the profile of the
vehicle was drawn, it was extruded to create a three-dimensional solid that was 8.5 ft (2.591 m) in
width.
The top part of the vehicle was drawn as a rectangular element with a length of 5 ft (1.524 m)
and a height of 2 ft and 1 in (0.635 m). The box was given a thickness of 0.05 in (1.3 mm), consistent
with the thickness of sheet metal used for automobiles. The box was attached to the vehicle at the
four corners of the box. At each corner a 3.5 in (88.9 mm) long by 1 in (25.4 mm) tall rectangle
serves to attach the top box to the lower portion of the vehicle. The top box was made integral with
the vehicle at each of the four corners to create one element. The top portion of the vehicle is not
continually in contact with the bottom portion of the vehicle; the top is only in contact with the
bottom only at the four corners. The top portion can be visualized as being integral with the bottom
portion at the points of connection. By attaching the box in this way, the vehicle was able to provide
damage to the girder without providing extremely large deflections in the girder. The box was
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constructed to be the same width as the vehicle, 8.5 ft (2.591 m). The mass of the vehicle and box is
82,254 pounds. Fig. 7 shows the dimensions and shape of the vehicle. Once the vehicle was drawn
in AutoCAD, it imported into ANSYS Workbench for analysis.
Crash Beam: A crash beam was constructed for the scenario in which the vehicle impacts the
crash beam, eliminating any contact with the bridge. Little guidance exists for determining the shape
and dimensions of crash beams. Crash beams are rarely used, and therefore little to no standards
exist. For the purposes of this study, the RailCorps engineering manual was the guide for
determining the dimensions of the crash beam. Photos of crash beams were also obtained from JF
Hull Holdings, a civil engineering design and construction firm. JF Hull has installed crash beams
in front of low clearance bridges worldwide. Photos of the crash beams were obtained from JF Hull’s
website and dimensions were estimated based on the photos. Fig. 8 shows the crash beam modeled.
Based on the photos obtained and the requirements in the RailCorps engineering manual, a crash
beam was constructed in AutoCAD. The width of the crash beam was taken to be twice the height
of the beam. The overall width of the beam was taken to be 3 ft (0.914 m), and the height of the
beam was taken to be 1.5 ft (0.457 m). The thickness of the steel was taken to be 2 in (50.8 mm).
The beam has an overall length of 32 ft (9.754 m). Fig. 9 shows the beam that was drawn in
AutoCAD and imported into ANSYS Workbench.
5. Model Setup
5.1 Vehicle-Girder Model
Once the girder and vehicle were drawn and imported into ANSYS Workbench, an explicit
dynamics model was created for the vehicle-girder impact scenario. Within the model, the material
properties and geometries are the first parameters to define. ANSYS has a variety of pre-loaded
materials within the library to choose. For the material of the vehicle, Aluminum Alloy Non-Linear
was chosen. For the material of the girder, Structural Steel Non-Linear was chosen. Material
properties for the vehicle and girder were chosen based on standard material properties for structural
steel and aluminum alloy. Structural steel was assigned a yield strength of 36 ksi (248.2 MPa), and
aluminum alloy was assigned a yield strength of 40 ksi (275.8 MPa). Table 3 shows the material
properties of the Structural Steel Non-Linear and Aluminum Alloy Non-Linear materials.
Once the material properties were chosen for both the vehicle and girder, defining the initial
conditions was the next step. For significantly faster analysis time, the girder and vehicle were
modeled at the instant of contact. The height of impact above the bottom flange of the girder was
chosen to be 7 in (177.8 mm), the distance at which the vehicle is overheight. The vehicle was placed
at the midpoint of the girder for analysis. Fig. 10 depicts the vehicle-girder arrangement. Fig. 11
depicts the isometric view of the vehicle-girder model in ANSYS. All figures and images that depict
visualizations of the ANSYS models are used courtesy of ANSYS, Inc.
For almost all steel girder bridges, the top flange of the girder is cast into the bottom of the deck.
The terms “haunch” or “dapped” describe the top flange being cast into the bottom of the deck.
Dapping the deck over the top flange allows for increased lateral stability and increased composite
action between the deck and girder. Since the top flanges of steel girders are usually resistant to
lateral forces, the top flange of the girder in the model was chosen to be fixed in the x-, y-, and zdirections. The bottom edges of the girder were also chosen to be fixed in the x-, y-, and z-directions.
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Fixing only the edges of the girder allowed for stable results in which the bottom flange of the girder
deflected in a parabolic shape, similar to the US-61 bridge. Modeling one end of the girder fixed in
the x-, y-, and z-directions and the other end of the girder as allowing lateral translation was
determined to not represent realistic results. The supports on the edges of the girder were modeled
as infinitesimally small; therefore, the supports do not take up any measurable surface area.
The vehicle was also given an initial velocity of 70 mph (31.29 m/s). The simulation time was
chosen to be 0.0375 s, which allowed enough time for the girder and vehicle to reach maximum
deformation. ANSYS allows the user to specify the point at which the model is deemed unstable,
which is accomplished through the Maximum Energy Error input. This input specifies the
percentage at which energy conservation deviates. A small percentage for Maximum Energy Error
corresponds to the model terminating simulation once the energy conservation deviates by the small
percentage. For this model, the maximum energy conservation was left as the default input of 0.1%.
Once all the initial parameters were input, the model was analyzed.
5.2. Vehicle-Crash Beam
For the vehicle-crash beam simulation, the crash beam and vehicle were imported into ANSYS
Workbench, and an explicit dynamics model was created for the vehicle-crash beam impact scenario.
The exact same material and properties were assigned to the crash beam and vehicle from the
vehicle-girder impact scenario. The vehicle was assigned Aluminum Alloy Non-Linear material,
and the crash beam was assigned Structural Steel Non-Linear material. The vehicle and crash beam
were modeled the same way as the vehicle-girder scenario, at the instant of contact. The height of
impact above the bottom flange of the girder was also kept as 7 in (177.8 mm), the distance at which
the vehicle is overheight. Fig. 12 depicts the vehicle-girder arrangement. The vehicle was placed at
the midpoint of the crash beam for analysis. Fig. 13 depicts the isometric view of the vehicle-girder
model in ANSYS.
For most crash beams, the beam is made integral with the supports on both sides of the girder.
Since the ends of crash beams are normally integral with its supports, the end faces of the crash
beam in the model were chosen to be fixed in the x-, y-, and z-directions. The vehicle was also given
an initial velocity of 70 mph (31.29 m/s). The simulation time was chosen to be 0.0375 s, which
allowed enough time for the girder and vehicle to reach maximum deformation. Once all the initial
parameters were input, the model was analyzed.
5.3 Vehicle-Girder-Cushion System
For the vehicle-girder-cushion system geometry, the same geometry was taken and used from the
original vehicle-girder geometry. An added cushion element was added to the geometry to attach to
the top of the bottom flange of the girder. Once the cushion element was drawn and imported into
ANSYS Workbench, an explicit dynamics model was created for the vehicle-girder-cushion system
impact scenario. The exact same material and properties were assigned to the girder and vehicle
from the vehicle-girder impact scenario. For the material of the vehicle, Aluminum Alloy NonLinear was chosen. For the material of the girder, Structural Steel Non-Linear was chosen.
The material of the cushion system was researched and carefully chosen. In order to effectively
reduce the amount of deflection in the girder and absorb the impact force, a high-impact rubber was
deemed the most efficient. Sorbothane Inc. is an innovative company that manufactures several
different types of impact absorbing materials for a variety of different applications (Sorbothane_Inc.
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2019). Sorbothane produces viscoelastic polymers that effectively reduce shock and vibration.
Sorbothane rubber was chosen as the material for the cushion system. Table 4 shows the material
properties of the Sorbothane user-defined material that was created and input into ANSYS
Workbench.
The vehicle-girder-cushion system was modeled the same way as the vehicle-girder scenario, at
the instant of contact. The height of impact above the bottom flange of the girder was also kept as 7
in (177.8 mm), the distance at which the vehicle is overheight. The rubber was chosen to extend 3
in (76.2 mm) past the bottom flange of the girder in order to shield the bottom flange from impact.
The rubber was set to be perfectly bonded with the top of the bottom flange of the girder, which
ensures that the rubber and girder act as one unit. The vehicle was placed at the midpoint of the
girder for analysis. Fig. 14 depicts the vehicle-girder-cushion system arrangement. Fig. 13 depicts
the isometric view of the vehicle-girder model in ANSYS.
The girder was modeled with the same supports as the vehicle-girder model. The top flange was
modeled as fixed, as well as the edges of the bottom flange. The vehicle was also given an initial
velocity of 70 mph (31.29 m/s). The simulation time was chosen to be 0.0375 s, which allowed
enough time for the girder and vehicle to reach maximum deformation. Once all the initial
parameters were input, the model was analyzed.
5.4 Vehicle-Girder-Sandwich System
The goal of the sandwich system is to reduce the force of impact on the girder through a series
of load transfers. The outside stiff plate acts as the first point of contact with the vehicle. The outside
stiff plate evenly transfers the load to the energy absorbing material (Sorbothane). The energy
absorbing material acts to dampen and absorb some the forces of impact. The energy absorbing
material transfers the reduced load to the inside stiff plate. Once the inside stiff plate receives the
reduced load, it evenly distributes force to the bottom flange of the girder.
For the vehicle-girder-sandwich system geometry, the same geometry was taken and used from
the original vehicle-girder geometry. Three elements were added to the geometry to attach to the
front of the bottom flange of the girder. The elements consist of two (2) stiff outside plates with one
(1) rubberized material sandwiched between the two outside plates. The sandwich system extends
for a total of 1.0 ft (0.3048 m). in front of the bottom flange of the girder. The outside plates and
energy absorbing material all have the same dimensions. The elements are 32 ft (9.754 m) long, 7 in
(177.8 mm) tall, and 4 in (101.6 mm) deep. The vehicle was placed at the midpoint of the girder for
analysis. Fig. 16 the geometry of the vehicle-girder-sandwich system model.
Once the sandwich elements were drawn in AutoCAD, the geometry was imported into ANSYS
Workbench. An explicit dynamics model was created for the vehicle-girder-sandwich system impact
scenario. The exact same material and properties were assigned to the girder and vehicle from the
vehicle-girder impact scenario. For the material of the vehicle, Aluminum Alloy Non-Linear was
chosen. For the material of the girder and sandwich system plates, Structural Steel Non-Linear was
chosen. For the material of the energy absorbing material, the user-defined Sorbothane properties
were chosen and assigned in ANSYS Workbench.
The vehicle-girder-sandwich system was modeled the same way as the vehicle-girder scenario,
at the instant of contact. The height of impact above the bottom flange of the girder was also kept as
7 in., the distance at which the vehicle is overheight. Each element of the sandwich system was
chosen to be perfectly bonded with each other, and the inside stiff plate was chosen to be perfectly
bonded with the front face of the bottom flange of the girder. Fig. 17 depicts the vehicle-girder-
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sandwich system arrangement.
The girder was modeled with the same supports as the vehicle-girder model. The top flange was
modeled as fixed, as well as the edges of the bottom flange. The vehicle was also given an initial
velocity of 70 mph (31.293 m/s). The simulation time was chosen to be 0.0375 s, which allowed
enough time for the girder and vehicle to reach maximum deformation. Once all the initial
parameters were input, the model was analyzed.
5.6 Mesh Input, Sensitivity, and Convergence
When generating a mesh within ANSYS, two groups of important parameters are available for
the user: Mesh Defaults and Mesh Sizing. Mesh Defaults consists of the Physics Preference input
and the Element Order input. Physics Preference grants ANSYS the ability to create a mesh that is
best suited for the type of analysis desired by the user. Options for Physics Preference include:
Mechanical, Nonlinear Mechanical, Electromagnetics, CFD, Explicit, and Hydrodynamics. Once a
preference is set by the user, ANSYS creates default inputs for several parameters that can be
adjusted by the user. For the purposes of this research, Explicit was chosen for the Physics
Preference input. Element Order is an input that allows the user to decide if midside nodes are
desirable. Midside nodes are nodes that are placed at the midpoints between two connecting nodes.
With fewer midside nodes, the number of degrees of freedom is reduced. For the purposes of this
research, Element Order was set to Linear, which results in the mesh being created without midside
nodes. Fig. 18 shows the difference between including and excluding midside nodes.
For the Sizing group of parameters for mesh generation, the inputs consist of: Size Function,
Element Size, Mesh Defeaturing, and Transition. The Size Function affects refinement parameters
such as angles between normals for adjacent mesh elements and number of mesh elements in the
voids between bodies. The user can define the Size Function to be Adaptive, Proximity and
Curvature, Proximity, Curvature, and Uniform. For all models within this research, the Size Function
was set to Adaptive, which allows ANSYS to adaptively refine the mesh.
The Element Size inputs allows the user to specify the mesh size for all elements in the model.
The specified size will be used for edges, faces, and body meshing. The determination of the mesh
size is discussed in the following paragraphs. Mesh Defeaturing allows ANSYS to fix and clean-up
inconsistent mesh elements that might be created during the meshing process. Mesh Defeaturing
provides a more consistent mesh that improves the quality of the mesh. For all the models within
this research, Mesh Defeaturing was not enabled.
The Transition input within the Sizing parameters group allows the user to specify the rate that
mesh elements grow. Options for the Transition input are Fast and Slow. Slow provides a fluid
transition to the growth of adjacent elements while Fast provides a coarser and disjointed transition
to the growth of adjacent elements. For all models within this research, the Transition input was
specified as Slow.
Table 5 shows the summary of inputs for the mesh generation of all models. As with any finite
element model, the mesh sizing greatly affects the accuracy of the results. Models were created with
different mesh sizes to find a convergence point among the models. Mesh convergence was
investigated using the original Vehicle-Girder model. All analysis settings were kept the same
among all convergence models, except for the mesh size. For each mesh size, the lateral deflection
in the bottom flange of the girder was recorded. A mesh size of 9 in. was deemed the starting point
for the convergence study. Fig. 19 and Table 6 show the results of the mesh sensitivity study for
investigating mesh convergence.
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Based on the results, the difference in girder lateral deflection between a mesh size of 7.8 in
(198.1 mm) and a mesh size of 6.6 in (167.6 mm) is approximately 5.8%. Based on the limited mesh
sensitivity study, a mesh size of 6.6 in (167.6 mm) was chosen for all models.
6. Results
Results were obtained from each model in ANSYS Workbench and recorded. Eight (8) different
parameters were deemed significant for comparing damage among all models and analyzing the
effectiveness of a cushion system. These eight parameters include lateral deflection of the bottom
flange of the girder, lateral deflection of the web of the girder, vertical deflection of the bottom
flange of the girder, degree of deformation to the top portion of the vehicle, the amount of equivalent
stress near the point of contact in the bottom flange of the girder, the amount equivalent of stress
near the point of contact in the top part of the vehicle, the amount of equivalent stress near the
connection between the top and bottom portions of the vehicle, and the acceleration of the bottom
flange of the girder.
The equivalent stress parameter investigated in each model is the von Mises stress value. The
von Mises stress value equates the three-dimensional stress state values into an equivalent positive
stress value. The von Mises stress value can be used to determine the failure of a material when
compared to the yield strength of a material as determined by a uniaxial tensile test (Ugural and
Fenster 2012). Eq. (4) defines the von Mises stress value:
svm = (1/2)[(sxx – syy)2 + (syy – szz)2 + (szz – sxx)2 + 6(txy2 + tyz2 + tzx2)](1/2)

(4)

The analysis performed in all models assumes that the material is elastic and this there is no
failure of material due to excessive stress. Thus, the stresses recorded are for comparison among
models. Table 7 and Fig. 20 show the summary of results for the vehicle-girder simulation. Table 8
and Fig. 21 show the summary of results for the vehicle-crash beam simulation, and Table 9 and Fig.
22 show the summary of results for the vehicle-girder-cushion system simulation. Table 10 and Fig.
23 show the summary of results for the vehicle-girder-sandwich system simulation.
6.1 Vehicle-Girder
As can be seen in Table 7 and Fig. 20, the girder deflected laterally 9.04 in (229.6 mm). The
amount of deformation recorded in the model differs from the amount of deformation observed in
the US-61 overheight vehicle collision by roughly 35%. Contributing factors that led to the
difference in deflection include the inability to model the exact vehicle that struck the U-61 bridge.
Also, the properties of the steel of the overheight vehicle were not obtained for this study. The length
and type of connection between the top and bottom portions of the modeled vehicle were estimated
to try and reproduce the amount of deflection in the US-61 bridge girder. Combining these
assumptions and uncertainties leads to the difference in girder deflection. Nevertheless, the models
can be compared against each other for an estimate of the effectiveness of a bridge cushion system.
The upper portion of the vehicle in the model also achieved detachment from the lower portion
of the vehicle. As the top portion of the vehicle detached from the lower portion, the top portion of
the vehicle provided an impact force pushing vertically on the bottom flange, causing a vertical
warping deflection of 6.33 in (160.8 mm). The web of the girder was also seen to deflect laterally
by 10.66 in (270.8 mm). The amount of stress seen in the bottom flange of the girder was recorded
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to be 8.70 x 106 lb/ft2 (416.6 MPa) The amount of stress seen in the vehicle near the point of contact
was recorded to be 8.21 x 106 lb/ft2 (393.1 MPa). The acceleration of the bottom flange of the girder
reached a maximum of 20,355 ft/s2 (6204.2 m/s2). As verified in the results, large amounts of stress
and deformations occur in both the vehicle and girder during an unprotected vehicle-girder impact
scenario.
6.2 Vehicle-Crash Beam
As can be seen in Table 8 and Fig. 21, the crash deflected a negligible amount during the vehiclecrash beam impact scenario. The lack of deflection and distortion in the crash beam verifies the
robustness of crash beams in practice. The purpose of crash beams is to protect the bridge at all costs
by being extremely robust and sustaining little to no damage even after several overheight vehicle
collisions. Crash beams perform as they are designed, but by making a stiff sacrificial element to
protect a bridge, more damage is created in the vehicle than would normally be created during an
unprotected overheight vehicle impact scenario.
In the model, the vehicle could be seen to sustain extremely large amounts of
deformation/distortion. The upper portion of the vehicle completely detaches from the lower portion
of the vehicle almost immediately. The stress in the vehicle near the point of contact was observed
to reach a maximum of 6.21 x 106 lb/ft2 (297.3 MPa). With such abrupt distortion and immediate
detachment of the upper portion of the vehicle, the passengers and by-standers are potentially put in
a scenario where bodily injury is sustained.
6.3 Vehicle-Girder-Cushion System
As shown in Table 9 and Fig. 22, the girder deflected laterally 6.93 in. The amount of lateral
deformation recorded in the bottom flange of the girder in the vehicle-girder-cushion system model
was less than the amount of deformation recorded in the unprotected vehicle-girder model by
roughly 23%. This decrease in deformation shows that the rubber cushion system is effective in
reducing deformation in the girder. Similarly, with the unprotected vehicle-girder model, the bottom
flange of the girder in the vehicle-girder-cushion system model deflected vertically by 5.8 in (147.3
mm), a difference of approximately 8%. The web was also observed to have deflected laterally by
8.45 in (214.6 mm), a difference of approximately 21%. The significantly smaller amount of vertical
deflection reduction in the bottom flange observed between the original vehicle-girder model and
the vehicle-girder-cushion system model can be explained by the fact that as the top portion of the
vehicle detaches and rotates, the direction of force changes from a strictly lateral force to a lateralvertical force. Since the proposed cushion system does not wrap around the bottom flange of the
girder, the underside of the bottom flange is left unprotected.
Not only was the lateral deformation in the bottom flange of the girder reduced, but the stress
was also reduced by about 40%. In the model, the stress in the upper portion of the vehicle near the
point of contact was seen to be less than the stress observed in the unprotected vehicle-girder crash
scenario by about 15%. The reduction in stress in the vehicle indicates that the rubber cushion system
absorbed stress; however, the stress absorption was minimal, and the upper portion of the vehicle
was still observed to detach from the lower portion of the vehicle. Even though the upper portion of
the vehicle detached, the detachment was not as immediate as observed in the vehicle-crash beam
scenario.
By observing the maximum acceleration of the bottom flange of the girder, an indication of the
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amount of damping of the cushion system can be observed. In the unprotected vehicle-girder
scenario, the acceleration in the bottom flange of the girder was recorded to be 20,355 ft/s2 (6204.2
m/s2). In the vehicle-girder-cushion system model, the acceleration in the bottom flange of the girder
was recorded to be 13,205 ft/s2 (4024.9 m/s2). The cushion system reduces the amount of acceleration
in the bottom flange of the girder by roughly 35%, which indicates that the cushion system is an
effective damper.
6.4 Vehicle-Girder-Sandwich System
As shown in Table 10 and Fig. 23, the amount of lateral deformation recorded in the bottom
flange of the girder in the vehicle-girder-sandwich system model was less than the amount of
deformation recorded in the unprotected vehicle-girder model by roughly 89%. This significant
decrease in deformation shows that the sandwich system is effective in reducing deformation in the
girder. Similarly, with the unprotected vehicle-girder model, the bottom flange of the girder in the
vehicle-girder-sandwich system model reduced by 95% (vertical deflection). The web was also
observed to have reduced lateral deflection by 91%.
Not only was the lateral deformation in the bottom flange of the girder reduced, but the stress in
the bottom flange was also reduced by about 82%. The stress in the upper portion of the vehicle near
the point of contact was seen to be less than the stress observed in the unprotected vehicle-girder
crash scenario by about 25%. The reduction in stress in the vehicle indicates that the sandwich
system absorbed stress; however, the stress absorption was minimal, and the upper portion of the
vehicle was still observed to detach from the lower portion of the vehicle.
By observing the maximum acceleration of the bottom flange of the girder, an indication of the
amount of damping of the sandwich system can be observed. The cushion system reduces the amount
of acceleration in the bottom flange of the girder by about 89%, which indicates that the sandwich
system is an effective damper.
7. Discussion of Results
In the unprotected vehicle-girder ANSYS model, the vehicle and girder sustain large amounts of
stress and distortion. The degree of deformation recorded through the modeling of the unprotected
vehicle-girder model provides realistic results with what was observed in the US-61 bridge
overheight vehicle impact. With such large deformations, the integrity of an impacted bridge
becomes jeopardized, which in most cases requires closing the bridge for safety reasons and
strengthening of the bridge. Many states accept that these types of collisions are becoming more of
a problem as vehicular sizes increase, but few states have systems in place that are deemed safe for
both the bridge and the colliding vehicle.
A common and economical solution to the overheight vehicle collision problem is to erect crash
beams that shear off any object that is overheight, causing no damage to the girder but extremely
large damage to the vehicle. The vehicle-girder-crash beam ANSYS model provides results that are
consistent with the performance of crash beams. In the model, almost no deflection was observed in
the model, and the upper portion of the vehicle sheared off almost immediately from the lower
portion of the vehicle. From the results, a bridge girder would not be impacted as long as a crash
beam was in front of the girder; however, the safety of the passengers and by-standers would be
jeopardized as the vehicle sustains almost all the stress and distortion. By observing the results of
the crash beam scenario, one has to justify putting the safety of vehicular passengers at risk in order
to save money and effort by protecting a bridge girder.
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A less explored solution to the overheight vehicle collision problem is to install a sacrificial
cushion system to the bottom of the girder that serves to dissipate the energy of an overheight vehicle
impact. The goal of this study was to try and find a suitable energy absorbing material and to model
the vehicle-girder interaction when a vehicle strikes this sacrificial cushion system. A material with
density 82.28 lb/ft.3, bulk modulus of 600.46 ksi, and a poisson’s ratio of 0.4947 representing a
Sorbothane high impact rubber was chosen and modeled in ANSYS Workbench 18.2. The results of
the model showed that the lateral deflection was reduced by 23%, the stress in the girder was reduced
by 40%, the stress in the vehicle was reduced by 15%, and the acceleration of the girder reduced by
35%. Although the lateral deflection in the bottom flange of the girder reduced by 23%, the vertical
deflection of the girder only reduced by 8%. Although lateral and vertical deflection of the girder
were reduced through the use of an energy absorbing material, the deformations observed in the
girder would require rehabilitation. If a sacrificial system still requires a girder to be rehabilitated,
then the objective of the sacrificial system has not achieved ideal efficiency. If the sacrificial system
has not achieved ideal efficiency, then the system is not worth the effort of mass producing and
installing on low clearance bridges. The ultimate goal of the sacrificial system is to reduce girder
deflections, reduce the amount of stress in the vehicle, and require zero to minimal rehabilitation of
the bridge.
With the idealized vehicle-girder-spring system model, deformations in the girder were seen to
achieve promising results. Lateral deflection in the bottom flange of the girder was reduced by 73%.
However, the web of the girder still deflected laterally by 4.09 in, and the bottom flange deflected
upwards by 3.85 in. Ideal results would have been achieved if the bottom flange and web deflected
by less than 2 in. With this amount of deformation, the girder would require little to no rehabilitation.
The spring model shows that a stiff plate with an energy absorbing material (possibly Sorbothane)
is effective in absorbing impact force and reducing impact damage. The spring system model can be
used as a basis for developing an energy absorbing material with specific material properties that
eliminate almost all deformations to the girder when impacted.
With the sandwich cushion system consisting of two stiff outside plates with an energy absorbing
material sandwiched between the two stiff plates, deformations in the girder were seen to achieve
ideal results. Lateral deflection in the bottom flange of the girder was reduced by 89%. The stresses
in the bottom flange of the girder and the top portion of the vehicle reduced by 82% and 25%,
respectively. Although the stress in the vehicle near the point of contact did not significantly reduce,
the sandwich system provides a starting point for tuning the system to further reduce the stress
observed in the vehicle. Even a slight reduction in stress observed in the vehicle provides a safer
environment for the passengers and by-standers during an overheight vehicle collision.
Out of the three sacrificial systems investigated, the sandwich system exhibited the best results.
With minimum deformation in the girder, the bridge would most likely not require rehabilitation. If
rehabilitation of the bridge was deemed necessary, the girder could be easily heat straightened, which
provides minimal traffic interruptions and requires minimal cost. Developing cushion systems that
safely protect the bridge girder and vehicle is vital in preserving the ever-aging infrastructure and
safety of passengers traversing the highways.
8. Conclusions
Current practices for damage mitigation in bridges due to overheight vehicles include active
schemes, passive systems, and sacrificial structures. However, both passive and active systems do
not guarantee that a bridge strike will not occur. The paper focused on protecting bridges against
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overheight vehicles using energy-absorbing sacrificial schemes. The degree of deformation recorded
through the modeling of the unprotected vehicle-girder provides realistic results compared to what
was observed in the US-61 bridge overheight vehicle impact, revealing the capabilities of the
numerical model to predict real-world collision scenarios. The bridge under investigation witnessed
large deformations due to a significant impact load from an overheight vehicle. With such large
deformations, the integrity of an impacted bridge becomes jeopardized, which in most cases requires
closing the bridge for safety reasons and strengthening the structure. We designed a sacrificial
cushion system at the bottom of the bridge girder to dissipate the impact energy of an overheight
vehicle. A material representing a Sorbothane high-impact rubber was chosen and modeled in
ANSYS. Out of three sacrificial systems investigated, a sandwich system exhibited the best option
to protect the bridge and the overheight vehicle. The sandwich system reduced the lateral deflection
in the bottom flange of the girder by 89%. The proposed mitigation system reduced the stresses in
the bottom flange of the bridge girder and the top portion of the vehicle by 82% and 25%,
respectively.
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List of Tables
Table 1 ANSYS step control inputs.
Maximum Number of Cycles 10000000
End Time
0.0375
Maximum Energy Error
0.1
Initial Time Step
Program Controlled
Minimum Time Step
Program Controlled
Maximum Time Step
Program Controlled
Time Step Safety Factor
0.9
Characteristic Dimension
Diagonals (Hexagonal Elements)
Automatic Mass Scaling
No
Table 2 ANSYS erosion control inputs.
On Geometric Strain Limit
Yes
Geometric Strain Limit
1.5
On Material Failure
No
On Minimum Element Time Step
No
Retain Inertia of Eroded Material
Yes

Properties
Density (lb/ft.3)
Young’s Modulus (ksi)
Yield Strength (ksi)
Poisson’s Ratio

Table 3 Vehicle-girder material properties.
Material
Structural Steel Non-Linear
Aluminum Alloy Non-Linear
490.06
172.93
29007.55
10297.68
36.26
40.61
0.30
0.33

Table 4 Sorbothane high-impact rubber material properties (Sorbothane_Inc. 2019).
Density (lb/ft.3)
82.28
Young’s Modulus (ksi)
19.09
Bulk Modulus (ksi)
600.46
Poisson’s Ratio
0.4947
Table 5 Mesh inputs.
Mesh Defaults Parameters
Physics Preference Explicit
Element Order
Linear
Mesh Sizing Parameters
Size Function
Adaptive
Element Size
0.55 ft.
Mesh Defeaturing
No
Transition
Slow
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Table 6 Vehicle-girder mesh sensitivity (1 in = 0.0254 m).
Mesh Size (in)
Girder Lateral Deflection (in)
9.0
13.45
7.8
9.57
6.6
9.01

Table 7 Vehicle-girder model results (1 in = 0.0254 m; 1 mph = 0.447 m/s; 1 ft = 12 in; 1 lb = 0.4536 kg).
Parameter
Value
Mesh Size (in)
6.60
Speed (mph)
70
Girder Bottom Flange Lateral Deformation (in)
9.01
Girder Bottom Flange Vertical Deformation (in)
6.33
Girder Web Lateral Deformation (in)
10.66
Girder Bottom Flange Equivalent Stress (lb/ft2)
8.70 x 106
Vehicle Deformation (in)
Detachment
Vehicle Top Equivalent Stress Near Point of Contact (lb/ft2)
8.21 x 106
2
Vehicle Top/Bottom Connection Equivalent Stress (lb/ft )
2.27 x 107
Girder Bottom Flange Acceleration (ft/s2)
20,355

Table 8 Vehicle-crash beam results (1 in = 0.0254 m; 1 mph = 0.447 m/s; 1 ft = 12 in; 1 lb = 0.4536 kg).
Parameter
Value
Mesh Size (in)
6.60
Speed (mph)
70.00
Girder Bottom Flange Lateral Deformation (in)
0.27
Girder Bottom Flange Vertical Deformation (in)
0.79
Girder Web Lateral Deformation (in)
1.44
Girder Bottom Flange Equivalent Stress (lb/ft2)
6.21 x 106
Vehicle Deformation (in)
Detachment
Vehicle Top Equivalent Stress Near Point of Contact (lb/ft2)
6.21 x 106
Vehicle Top/Bottom Connection Equivalent Stress (lb/ft2)
2.25 x 107
2
Girder Bottom Flange Acceleration (ft/s )
4,970

24

Table 9 Vehicle-girder cushion system results (1 in = 0.0254 m; 1 mph = 0.447 m/s; 1 ft = 12 in; 1 lb = 0.4536 kg).
Parameters
Results
Difference (%)*
Mesh Size (in)
6.60
-Speed (mph)
70.00
-Girder Bottom Flange Lateral Deformation (in)
6.93
(-) 23.09
Girder Bottom Flange Vertical Deformation (in)
5.80
(-) 8.37
Girder Web Lateral Deformation (in)
8.45
(-) 20.73
Girder Bottom Flange Equivalent Stress (lb/ft2)
5.26 x 106
(-) 39.54
Vehicle Deformation (in)
Detachment
-Vehicle Top Equivalent Stress Near Point of Contact (lb/ft2)
6.99 x 106
(-) 14.86
2
Vehicle Top/Bottom Connection Equivalent Stress (lb/ft )
2.48 x 107
(+) 9.25
Girder Bottom Flange Acceleration (ft/s2)
13,205.00
(-) 35.13
* Compared to Vehicle-Girder Model

Table 10 Vehicle-girder sandwich system model results.
Parameters
Results
Mesh Size (in)
6.60
Speed (mph)
70.00
Girder Bottom Flange Lateral Deformation (in)
0.96
Girder Bottom Flange Vertical Deformation (in)
0.29
Girder Web Lateral Deformation (in)
0.96
2
Girder Bottom Flange Equivalent Stress (lb/ft )
1.55 x 106
Vehicle Deformation (in)
Detachment
2
Vehicle Top Equivalent Stress Near Point of Contact (lb/ft )
6.19 x 106
Vehicle Top/Bottom Connection Equivalent Stress (lb/ft2)
1.85 x 107
2
Girder Bottom Flange Acceleration (ft/s )
2,218.80
* Compared to Vehicle-Girder Model
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Difference (%)*
--(-) 89.35
(-) 95.42
(-) 90.99
(-) 82.18
-(-) 24.60
(-) 18.50
(-) 89.10

List of Figures

Legend:
Overheight vehicle detected
Alarm Bell triggered by vehicle detection
Warning Sign triggered by Alarm Bell
Fig. 1 Early warning detection systems (EWDS) layout, a typical active system (TRIGG 2015).

Fig. 2 Sacrificial crash beam in North Carolina (Kozman and Stevens 2015).
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Fig. 3 Holographic stop sign (LASERVISION 2019).

Fig. 4 Cross section of US-61 bridge (1’ = 0.3048 m; 1” = 25.4 mm).
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Fig. 5 Girder B cross section (1’ = 0.3048 m; 1” = 25.4 mm).

Fig. 6 Generic semi-truck.
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Fig. 7 Modeled semi-truck (1’ = 0.3048 m; 1” = 25.4 mm).

Fig. 8 Crash beam construction (Hull 2019).
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Fig. 9 Crash beam cross section (1” = 25.4 mm).

Fig. 10 Vehicle-girder arrangement (1” = 25.4 mm).
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Fig. 11 Vehicle-girder isometric view.

Fig. 12 Vehicle-crash beam arrangement (1” = 25.4 mm).
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Fig. 13 Vehicle-crash beam isometric view.

Fig. 14 Vehicle-girder arrangement (1” = 25.4 mm).
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Fig. 15 Vehicle-girder isometric view.

Fig. 16 Vehicle-girder sandwich system arrangement (1” = 25.4 mm).
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Fig. 17 Vehicle-girder sandwich system isometric view.

Fig. 18 Midside nodes (ANSYS 2017).
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Fig. 19 Vehicle-girder mesh sensitivity (1 in = 25.4 mm).

Fig. 20 Vehicle-girder model deformation.
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Fig. 21 Vehicle-crash beam model deformation.

Fig. 22 Vehicle-girder cushion system model deformation.
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Fig. 23 Vehicle-girder sandwich system model deformation.
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